Procedures that combine immunocytochemistry (ICC) and in situ hybridization (ISH) techniques are now used to investigate phenotypelgenotype relationships in the same cells. In this report we describe three rapid procedures for simultaneous detection of a nudear antigen, progesterone receptors (PR), and the centromeric region of chromosome 11 (to which the human PR gene has been assigned) in T47-D cells. Proteins were stained by precipitates of horseradish peroxidase-diaminobenzidine (PO-DAB, brown color), alkaline phosphatase-Fast Red (APase-Fast Red, red color) or alkaline phosphatase-nitroblue tetrazolium-X-phosphate (AFdse-NBT-X-Phosphate, blue color) respectively. To obtain a suitable contrast for the two labels, we detected DNA on PO-DAB and Ahe-NBT-X-phosphate-immunostained cells with interphasic fluorescent in situ hybridization (FISH). By contrast, we combined the APase-Fast Red ICC with an immunocytochemical ISH using alkaline phosphatase-NEtT-X-phosphate detection. Only the procedure combining Ah-NBT-X-phosphate ICC and FISH ensures optimal visualization of both the PR content and the number of chromosome 11. This method easily provides simultaneous localization of DNA and protein targets in the same cells and should be applicable to many other situations. (JHisrochem Cytochem &:193-197, 19%) 
Introduction
Nonradioactive in situ hybridization (ISH) provides a powerful tool for analysis of numerical genomic aberrations (1) (2) (3) . Interphase nuclei ISH allows fast and easy detection of chromosome abnormalities in a large number of tumor cells. Moreover, on this material, phenotype/genotype relationships can be investigated by combination of interphase ISH and immunocytochemistry (ICC). Fluorescence and enzyme cytochemistry are the most frequently used procedures for these two techniques. Until now, genomic ISH and ICC combination was usually performed for cytoplasmic or cell surface antigens (4) (5) (6) (7) or, less commonly, on nucleolar proteins (8) . In the present study we propose a double staining of a nuclear antigen, progesterone receptors (PR), and chromosome 11.
The human mammary T47-D cell line expresses a high level of PR with great cellular heterogeneity (9). Regulation of this hormone receptor synthesis in T47-D cells is generally believed to occur mainly at a high transcriptional level (10). Furthermore, the cell-to-cell PR heterogeneity could also be explained by cell cycle ' Supported by the Ligues contre le Cancer de I'Isere, de la Haute Savoie, et de la D r h e and by the Association Espoir. * Correspondence to: A. Mialhe, Equipe de Cytologie Quantitative Institut Albert Bonniot, domaine de la Merci, 38706 La Tronche CEdex, France. dependence and receptor turnover (11). On the other hand, the high PR concentration in this cell line could be related to polysomy of chromosome 11 (12,13) , to which the human PR gene is assigned (14J5). Indeed, preliminary karyotype studies have shown tetrasomy of this chromosome in T47-D cells. Therefore, we investigated at a cellular level the possible relationship between the numbers of chromosome 11 and the PR content. For this purpose we developed three methods for simultaneous staining of PR and chromosome 11. In the first, ISH and ICC are detected respectively by means of the blue nitroblue tetrazolium-X-phosphate (NBT-X-Phosphate) and the red (Fast Red) alkaline phosphatase substrates. In the two other methods, ISH is detected by the FITC fluorochrome and ICC is revealed with alkaline phosphatase (APasetNBT or horseradish peroxidase (PO)-DAB reaction product.
Materials and Methods

Cell Cuhures
Epithelial cells from a breast carcinoma T47-D cell line (16) 
Fixation Step
Exponentially growing cells were fixed as follows. First, after removing the culture medium, cells were washed with PBS and detached from the culture flask with 4% formaldehyde diluted in PBS. The cellular suspension was cytocentrifuged onto siliconized microscope slides at 700 rpm for 5 min using a Cytospin I1 centrifuge (Shandon; Pittsburgh, PA). Cells were fixed for 10 min in 4% formaldehyde solution at room temperature (RT), rinsed for 10 min in PBS, and permeabilized for 20 min in cold acetone (-20°C) . Slides were used immediately or stored in 70% ethanol at 4°C.
DNA Probe
Specific DNA repeat sequences of the centromeric region of human chromosome 11 were cloned in the pRB2 plasmid derived from a pUC vector. This plasmid was kindly provided by D. C. Ward (Department of Human Genetics, Yale University School of Medicine, New Haven, CT). A nicktranslation system kit (Gibco BRL) was used to label the pRB2 plasmid with 1 mM digoxigenin 11-dUTF' (Boehringer Mannheim). After nicktranslation, we verified the DNA fragment size on a 1% agarose minigel. For optimal in situ hybridization, they must be about 300 BP. Probe fragments were purified by Sephadex G5O gel (Sigma) chromatrography. Then we verified probe labeling by colorimetric reaction (antidigoxigenin linked to alkaline phosphatase, then NBT-X-phosphate) on a nitrocellulose membrane.
In Situ Hybridization Procedure
The labeled probe was precipitated in 9.7 mg/ml sonicated salmon sperm DNA (Sigma), 3 M sodium acetate, sterile water, and 100% cold ethanol and then was diluted in a hybridization buffer containing 50% deionized formamide (Merck; Darmstadt, Germany) and 10% dextran sulfate (Sigma) in 2 x SSC (sodium salt citrate). The final concentration of the probe was 2.5 nglpl. To increase penetration of probes and antibodies, slides were treated with 100 ng/ml proteinase K (Sigma) for 5 min at RT. Twenty p1 of hybridization medium with probe was added to the slides. DNA probe and nuclear target DNA were denatured simultaneously at 90'C for 5 min on a hotplate and the reaction was stopped on ice. Hybridization was carried out overnight at 37'C in a moist chamber saturated with 50% forma-midel2 x SSC. Slides were washed at 37°C with 50% formamide in 2 x SSC three times for 5 min and then with 2 x SSC three times for 5 min.
Fluorescent Detection of Hybrids. Nonspecific antigenic sites were blocked for 15 min at 37°C with 3% BSA (bovine serum albumin) solution in 2 x SSC. Hybrids were detected with a sheep antidigoxigenin antibody [F(ab) fragments] linked to F I E or TRITC (Boehringer Mannheim), diluted 1:4 in 0.3% BSA/2 x SSC for 30 min. Then slides were washed with 2 x SSC for 15 min and were mounted in antifading medium Vectashield (Vector Laboratories-Biosys SA; Compiegne, France) containing 2 50 nglml4'-6-diamidino-2-phenylindole (DAPI; Sigma).
Enzymatic Detection of Hybrids. After posthybridization washes, cells were incubated for 15 min at RT with 10 mM L-cystein (Sigma) solution in 2 x SSC to block aspecific sites. Then alkaline phosphatase-conjugated anti-digoxigenin sheep antibody (Boehringer Mannheim) (1:lOO in 0.1 M Tris-HC1, 0.15 M NaCI, 0.5% BSA buffer) was added for 30 min. Finally, cells were washed twice for 5 min in 0.1 M Tris-HCI, pH 9.5, 0.1 M NaCI, 1 M MgC12 buffer, and incubated with the NBT-X-phosphate substrate for 30 min. Cells were lightly counterstained with hematoxylin and mounted in Glycergel (Dako; Trappes, France).
Doubk Enzymatic PR Immunostaining and In Situ Hybridization
Immunophenotyping was performed before ISH. Cells were first incubated with the blocking solution [kit PgR ICA (immunochemical assay); Abbott Laboratories, Rungis, France] for 15 min. Then 0.1 pg/ml rat monoclonal anti-PR antibody (kit PgR IC) was added for 30 min and cells were washed twice for 5 min with PBS. The cells were incubated with a goat anti-rat IgG bridging antibody (kit PgR ICA) for 30 min and washed twice for 5 min in PBS/0.3% BSA. Then they were incubated for 30 min with a rat APAAP (alkaline phosphatase antialkaline phosphatase) complex (Dako) diluted 1:50 in PBS/0.3% BSA. Afterwashing for 5 min in PBS/0.3% BSA and 5 min in PBS, cells were incubated with Fast Red (Sigma) substrate. Finally, cells were washed with PBS. After immunocytochemistry, enzymatic ISH was performed as described above. Lastly, cells were counterstained with hematoxylin and mounted in Glycergel (Dako).
Two Combined Enzymatic ICC and FLuorescence ISH Techniques
PR was revealed before FISH using either the APAAP method (as described above) or the PAP (peroxidase antiperoxidare) method [instead of the APAAP complex, the rat PAP complex (kit PgR ICA) was incubated for 30 min]. After washes, cells were incubated with the DAB-peroxidase substrate for the PAP method or the NBT-X-phosphate substrate for the APAAP technique. After immunodetection of PR with DAB, cells were dehydrated successively in 70, 90, and 100% ethanol before FISH for the NBT-X-phosphate reaction, cells were dehydrated for 10 min in 100% ethanol. FISH was carried out after the immunocytochemistry detection; the FISH technique was that described above, but instead of 30 min the antidigoxigenin linked to F I X was left for 1 hr. Nuclear staining was performed with DAPI in the mounting medium.
Microscopic Observations
Visualization of fluorescent hybridization signals was carried out with an epi-illumination microscope HBO 50 W Axioplan (Carl Zeiss; Iena, Germany), using an appropriate filter for the green FITC fluorescence (a bandpass filter BP 485/20 nm, a chromatic beam filter splitter FT 510, and a long wavepass filter LP 5151575). Observation of nonfluorescent spots and immunocytochemistry of PR was performed with the same microscope in the transmission mode and was made with a x40, x 63, or x 100 oil-immersion objective and different optovar magnifications.
Control Experiments
To show the specificity of the reactions, negative controls were performed by omitting the DNA probe for hybridization experiments or by leaving out the primary antibody for immunocytochemistry. Moreover, the centromeric probe pRB2 was hybridized under the conditions described above on lymphocyte metaphase preparations to verify the good specificity in a normal model. As expected and as shown in Figure 1 , two signals for chromosome 11 were detected.
Results
To detect proteins, three ICC procedures with different precipitating substrates (PO-DAB, APase-NBT-X-phosphate, and APase-Fast Red reactions) were used. The centromeric region of chromosome 11 was revealed by two ISH methods using, respectively, an APase-NBT-X-phosphate reaction or fluorescence detection.
Because antigenic epitopes of PR are destroyed by the DNA denaturation step during ISH, it is necessary to perform ICC before ISH, even if this is usually correlated with weaker signals. Because enzymatic substrates offer a better resistance to high temperature and a better definition of the ICC staining, we chose to stain proteins using immunoperoxidase or immunophosphatase techniques. Therefore, we have developed three ICC and ISH combinations that are the most adapted to our study: (a) PO-DAB ICC and FITC FISH; (b) APase-NBT-X-phosphate ICC and FITC FISH; and (c) APase-Fast Red ICC and APase-NBT-X-phosphate ISH. Figure 2a shows PR-positive and PR-negative cells and Figure 2b shows the same nuclei with hybridization signals. In PR-negative cells (Figure 2a ), the numbers of chromosome 11 are easily evaluated (Figure 2b) . On the other hand, in PR-positive cells (Figure  2a ), chromosome 11 is not detectable (Figure 2b) . This phenomenon is imputed to the nonspecific interaction of the DAB polymer with the cDNA probe, such that the FITC fluorochrome binds to all the DAB-stained nuclear area.
Brown PO-DAB ICC and FITC Fluorescence ISH
Blue APase-NBT-X-phosphate ICC and FITC Fluorescence ISH
We observed the same PR expression heterogeneity with immunostaining by the APase-NBT-X-phosphate procedure (Figures 3a and   3c ). However, unlike the previous combination, we visualized ISH spots not only on PR-negative but also on PR-positive cells (Figures  3b and 3d) . The NBT-X-phosphate precipitate does not prevent any hybridization. but a 100% ethanol treatment is essential for better ISH. This destaining of the NBT-X-phosphate substrate by ethanol allows good penetration of the DNA probe and better fluorescence emission.
Red APase-Fast Red ICC and Blue
A Pase-NB T-X-phosphate ISH
A suitable color contrast is obtained when the Fast Red substrate (red) used for protein detection is combined with ISH using the NBT-X-phosphate (blue) (Figures 4a-4d) . Moreover, simultaneous observation of proteins and chromosome 11 is easy with this double-color staining, bypassing the need for a brightfield microscope with a fluorescence detection system, which is necessary for the two preceding combinations.
Numbers of Chromosome 11 and PR Expression
The numbers of chromosome 11 in PR-negative and PR-positive T47-D cells were evaluated by two observers with the last-described double enzymatic procedure and combined NBT-X-phosphate ICC and FISH. However, when the double enzymatic combination was used, the results of hybridization signal counting were very discordant (data not shown) between the observers because of difficulties in correctly visualizing all the spots (Figures 4a and 4c ). In consequence, we chose to evaluate the chromosome 11 number by the fluorescence hybridization. Therefore, the numbers of chromosome 11 were assessed in PR-negative and PR-positive cells with the NBT-X-phosphate ICC and FISH combination.
We noted a real heterogeneity of chromosome 11 numbers in these cells, whether or not they contained PR. PR-negative cells usually contained four (not illustrated), five (Figures 3a and 3b ), or six copies (Figures 3c and 3d ) of the centromere of chromosome 11. The same observations were obtained in PR-positive cells (Figures  3a-3d ). The evaluation of chromosome 11 numbers in about 300 cells showed similar percentages of cells in PR-positive and -negative nuclei with four, five, or six copies (see Table 1 ). Indeed, statistical analysis (x2 test) demonstrated no significant correlation between PR expression and the number of copies of chromosome 11 (x2 = 9.33, p<O.l; Table 1 ). 
Discussion
Multiple procedures for coupling interphase ISH and ICC have been described here. Using the present techniques, ICC must be performed before ISH, because PR are destroyed by the DNA denaturation during ISH. This same phenomenon also prevents double fluorescent detection. The fluorochrome is altered by the high temperature (90°C). Therefore we used enzymatic substrates (DAB, Fast Red, and NBT-X-phosphate) for PR immunolabeling and the ISH of the chromosome 11 centromere was performed either with a fluorescent or an enzymatic procedure. However, the insoluble DAB precipitate deposited in the immunocytochemical reaction interferes with the ISH (Figures 2a and 2b) . Brahic et al. (17) have shown that this nonspecific binding can be blocked by acetylation of cells with a triethanolamine and 0.25% acetic anhydride mixture. We have tested this treatment before ISH, but the nonspecific interaction between DAB and probes often remains. Therefore, the DAB ICC and FITC FISH combination could not be used for our study. By contrast, the two other methods (NBT-X-phosphate immunocytochemistry-FITC fluorescence in situ hybridization and Fast Red immunocytochemistry-NBT-X-phosphate in situ hybridization combinations) are successful (Figures 3a-3d and 4a-4d ). The first procedure needs an NBT-X-phosphate dehydration step, which cannot be used in a Fast Red ICC-FITC FISH combination because the Fast Red substrate is alcohol-soluble. Therefore, this technique was discarded. Although the Fast Red ICC and NBT-Xphosphate ISH combination gives a good contrast for the double staining, the NBT-X-phosphate ICC-FITC FISH procedure is more appropriate for the evaluation of chromosome 11 numbers. Therefore, with this latter technique we investigated the possible relation between the numbers of chromosome 11 and the absence or presence of PR at the cellular level in T47-D cells. We have demonstrated that PR-positive and -negative cells have the same numbers of chromosome 11 (Table 1) . Therefore, we conclude that PR expression is not correlated with the numbers of chromosome 11, which carry the PR gene. However, it would be interesting to correlate levels of PR expression to chromosome 11 numbers using either immunogold labeling techniques or a quantification by image analysis of the PR immunocytochemical reaction. Moreover, we cannot say that the chromosome 11 number is in agreement with the true number of PR gene copies (12J3). Indeed, the region llq22-q23, to which the PR gene has been assigned, is often subject to genetic alterations (e.g., deletions, translocations) in human breast carcinoma (18~9). Therefore, we have recently performed identification of the PR gene, and the simultaneous detection of the PR protein and PR gene is in progress. In conclusion, our original immunocytochemistry and in situ hybridization combinations allow a rapid study of simultaneous genotyping and phenotyping in the same tumor cells and should be applicable to other situations.
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